■ INTRODUCTION
26 In contrast to most polyelectrolytes that contain solely anionic 27 or cationic groups, polyzwitterions comprise both positive and 28 negative charges in each repeat unit. The coexistence of 29 opposite charges in the polymer structure causes strong intra- 30 and intermolecular interactions and gives rise to a range of 31 unique properties that are the foundation for the great potential 32 of polyzwitterions in a number of applications, including 33 nonfouling coatings, drug delivery, and biosensor develop-34 ment.
1−3 Poly(2-(methacryloyloxy)ethyl phophorylcholine) 35 (PMPC) is a particularly promising material for biomedical 36 applications. 4 The surfaces of phosphorylcholine-based poly-37 mers are highly biocompatible and remarkably resistant to 38 protein adsorption and cell adhesion. 5, 6 Research shows that 39 PMPC-coated surfaces can effectively prevent periprosthetic 40 osteolysis (bone loss in the vicinity of a prosthesis) by 41 significantly reducing the friction and the amount of wear in an 42 artificial joint system while effectively suppressing biological 43 reactions.
7,8 44
One of the critical factors that needs to be taken into account 45 when designing systems for use in a biological context is the 46 impact of electrolytes on the surrounding medium because ions 47 are crucial to the function of many cellular processes. 9 Because 48 of the coexistence of opposite charges, the response of 49 polyzwitterions to ion concentration and type is of significant 50 interest. For enhancing the performance of PMPC in biological 63 applications, it is important to understand the effect of salt on 64 PMPC, something that has been debated over the past decade. 73 concentrations of salt: their dimensions and affinity for water 74 are independent of the ionic strength. 14−18 In contrast, other 75 studies have suggested that salt has a noticeable impact on 76 PMPC, such as its polymerization rate and hydrodynamic 77 volume. 19, 20 As of yet there is no clear consensus on the effect 78 of salt on PMPC in aqueous solution. In the present study, a 79 resolution to this conflict is sought by drawing on the results of 80 a study of the effect of salt on PMPC by a combination of 81 nanotribological methods, quartz crystal microbalance measure-82 ments, and ellipsometry. 83 Surface-grown PMPC chains, so-called polymer brushes, 84 were used to examine the effect of salt in the present study. The 85 use of polymer brushes to control surface properties is an 86 important strategy for developing stimuli-responsive surfaces 87 such as biocompatible substrates, surfaces exhibiting switchable 88 adhesion, and self-lubricating surfaces. 23, 24 For example, the 89 friction coefficient between mica surfaces covered with PMPC 90 was reported as 0.0004 at a pressure of 7.5 MPa, which is five 91 times lower than that between natural synovial joints.
92
Friction force microscopy (FFM), a variant of atomic force 93 microscopy (AFM), was used to examine the nanotribology of 94 The properties of PMPC in aqueous ionic media are 109 important in determining its performance in biomedical devices 110 that are often exposed to physiological environments. 111 Fundamental understanding of the interaction between 112 PMPC and inorganic electrolytes developed from this work 113 will not only provide design principles when using PMPC in 114 biomedical applications but will also enhance our under-115 standing of the phosphorylcholine group that is an essential 116 Quartz Crystal Microbalance-Dissipation (QCM-D). 218 QCM-D measurements were conducted using a Q-Sense 219 D300 system (Q-Sense AB, Gothenburg, Sweden). Details of 220 the QCM can be found elsewhere.
30,36 PMPC brush layers 221 were grown on silicon-coated quartz crystals (5 MHz, AT-cut), 222 which were subsequently mounted in the QCM flow chamber 223 (QAFC301) in which the polymer layer was exposed to a series 224 of salt solutions. Changes in the resonant frequency and 225 dissipation factor of the crystal associated with mass variation 226 on the surface were monitored simultaneously at four 227 frequencies (the fundamental and three overtones). In the 228 present work, PMPC molecules are tethered at one end to the 229 silica substrate; therefore, any change in mass is attributed to 230 the binding of water molecules or ions. The dissipation factor, 231 D, measures the sum of energy losses during the oscillation 232 cycle and hence reflects the viscoelastic properties of the brush 233 layer.
234
The shifts from the measurements achieved at 15 MHz 235 (third overtone) are presented here due to the increased 236 sensitivity of the signal at this frequency. Changes in mass 237 sensed by the QCM crystal could be calculated according to the 238 Sauerbrey equation
(1) 240 where C is constant, n is the overtone number, and Δf n is the 241 corresponding frequency change observed. Frequency and 242 dissipation changes acquired from the fundamental frequency 243 were discarded, as they were usually noisy due to insufficient 244 energy trapping. 37 Changes in frequency and the dissipation 245 factor caused by density and viscosity of salt solutions were 246 quantified by
249 respectively, where n is the overtone number, f 0 is the resonant 250 frequency, ρ L and η L are the density and viscosity of the liquid, 251 respectively, and μ q and ρ q are the shear modulus and density 
278
Ellipsometry. When exposed to a good solvent, e.g., were then calculated using eq 1 and are shown in Figure 2 show QCM data acquired in KCl, 372 KBr, KI, and K 2 SO 4 solutions. For all three halide ions, the 373 changes in mass are very limited at low salt concentration. 374 However, for the 100 and 300 mM solutions, there are clear 375 differences, and the change in frequency follows the trend KCl 376 < KBr < KI. The same trend is observed for the change in 377 dissipation, ΔD. Hence, for monovalent anions, both the mass 378 and the energy dissipation increase as the concentration of salt 379 increases. This suggests that an increase in the concentration of 380 salt leads to an increase in the amount of mass associated with 381 the PMPC brush layer, causing more energy dissipation during 382 each cycle.
383
The stereochemistry of PMPC is probed by a comparison 384 between the two divalent ions used in the QCM experiments. 385 The decreased solvation experienced by the brushes in K 2 SO 4 386 solutions is likely to be due to the SO 4 2− ions bridging 387 neighboring quaternary ammonium salts. On the other hand, 388 the large Ca 2+ ions released in CaCl 2 solution bind less closely 389 to the negatively charged phosphate moiety of the PC 390 headgroup and therefore remain in solution screening electro-391 static interactions in the same way as the 2Cl − ions released in 392 solution.
393
Nanofriction Measurements. Quantitative nanofriction 394 measurements were made on PMPC brushes in aqueous media 395 using a gold-coated AFM cantilever. The nanofriction data 396 could be fitted using an equation that treats the friction force as 397 the sum of a load-dependent molecular plowing term and an 398 area-dependent shear term that results from adhesion between 399 the probe and the counter surface For KCl, the coefficient of friction decreased with the 446 logarithm of the salt concentration. For NaCl, a continuous 447 decrease in the value of μ was also observed. Although the 448 coefficient of friction was slightly smaller in NaCl than in KCl 449 at a concentration of 1 mM, it was greater at the two largest 450 concentrations (100 and 300 mM) studied. In LiCl solutions, 451 the extent of change in μ with increasing salt concentration was 452 less marked: the value of μ was similar to that measured in KCl 453 at concentrations of 1 and 10 mM but was greater than that in 454 KCl at higher concentrations. Finally, unlike the above-455 mentioned monovalent salts, CaCl 2 had a noticeable impact 456 on the frictional properties of PMPC brushes at low 457 concentration (1 mM). However, the coefficient of friction of 458 the PMPC brush layer became relatively constant with further 459 addition of CaCl 2 . 460 In general, it can be seen that addition of salts causes the 461 coefficient of friction of PMPC brushes to decrease. Broadly 462 speaking, within the salt concentration range examined, the 463 effect of KCl on the frictional properties of PMPC brushes is 464 the most substantial, followed by NaCl, and then LiCl. Such a 465 sequence, μ(K + ) < μ(Na + ) < μ(Li + ), follows the Hofmeister 466 series that is an empirical classification of ions according to 467 their effect on protein precipitation. Another series of salts, including KCl, KBr, KI, and K 2 SO 4 , 469 was selected to evaluate the effect of anions on PMPC brushes. 470 Figure 3b presents the mean coefficients of friction acquired on 471 PMPC brushes immersed in solutions of these salts. It can be 472 seen that, for the three halide salts, there is in general a 473 reduction in the value of μ as the concentration of salt 474 increases. However, the magnitude of the change is more 475 modest for KI than is the case for KBr and KCl. Only at a 476 concentration of 100 mM does the difference between the 477 coefficients of friction in pure water and in KI solution start to 478 become significant. The small effect that KI has on PMPC was 479 also reported by Mahon and Zhu. 19 At concentrations of 100 480 and 300 mM, the coefficients of friction follow the order 481 μ(Cl
. At lower concentrations, there is a 482 much more modest difference between the value of μ in pure 483 water and in salt solution, and the trend is less clear.
484
Rather different behavior was observed in aqueous solutions 485 containing the sulfate anion. Across the full range of 486 concentrations studied, K 2 SO 4 yielded similar coefficients of 487 friction, and there was no evidence of concentration depend-488 ence in the friction behavior observed; detailed analysis will be 489 presented in the discussion below. 490 It is notable that the friction coefficients acquired in the 491 present study are one or two orders greater than those obtained 492 Langmuir XXXX, XXX, XXX−XXX 562 solutions of various concentrations, the structure of a PC-563 surfactant monolayer adsorbed on the surface of water was 564 examined using neutron reflectometry. 57 It was found that salt 565 has little effect on the structure of the PC-surfactant monolayer, 566 including the distributions for the head and alkyl chain and the 567 relative location of each. Furthermore, for PC-based bilayer 568 systems, no significant changes of the bilayer structure were 569 observed when changing the salt concentration to less than 1 570 M, whereas substantial alterations with chain order, membrane 571 thickness, and membrane rigidity were observed. 51 In the present work, it is easy to understand the QCM result 609 in which lithium and iodide cause the largest changes in both 610 frequency and dissipation signal. Because no other solvent was 611 introduced at each concentration, changes can only be 612 attributed to the binding of ions. Given that lithium and iodide 613 have the strongest affinity to the PC group, followed by sodium 614 and potassium, or bromide and chloride, the QCM result is 615 consistent with previous works examining the effect of salt on 616 PC-contained membranes. . Such an order could be modeled 621 by a partitioning of ions between the membrane and the 622 aqueous phase, which is predominantly controlled by the Gibbs 623 energy of hydration. Cations were also found to be capable of 624 reducing the dipole potential, although much less efficiently 
